Cell geometry has long been proposed to play a key role in the orientation of symmetric cell division planes. In particular, the recently proposed Besson-Dumais rule generalizes Errera's rule and predicts that cells divide along one of the local minima of plane area. However, this rule has been tested only on tissues with rather local spherical shape and homogeneous growth. Here, we tested the application of the Besson-Dumais rule to the divisions occurring in the Arabidopsis shoot apex, which contains domains with anisotropic curvature and differential growth. We found that the Besson-Dumais rule works well in the central part of the apex, but fails to account for cell division planes in the saddle-shaped boundary region. Because curvature anisotropy and differential growth prescribe directional tensile stress in that region, we tested the putative contribution of anisotropic stress fields to cell division plane orientation at the shoot apex. To do so, we compared two division rules: geometrical (new plane along the shortest path) and mechanical (new plane along maximal tension). The mechanical division rule reproduced the enrichment of long planes observed in the boundary region. Experimental perturbation of mechanical stress pattern further supported a contribution of anisotropic tensile stress in division plane orientation. Importantly, simulations of tissues growing in an isotropic stress field, and dividing along maximal tension, provided division plane distributions comparable to those obtained with the geometrical rule. We thus propose that division plane orientation by tensile stress offers a general rule for symmetric cell division in plants.
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cell division plane | mechanical forces | meristem | vertex model | Arabidopsis R egulation of cell division plane orientation is a way for multicellular organisms to control the topology (number of adjacent cells) and geometry (cell shapes and sizes) of their tissues, as illustrated in simulations of growing tissue under different division rules (for instance, ref. 1) . Whereas this process may be compensated by cell death and cell rearrangement in animal tissues, such compensation may occur only through subsequent growth patterns in plants: Plant cells are glued to each other by stiff pectocellulosic cell walls, which prevent cell movement, and cell death usually does not occur in young, rapidly dividing tissues. Mechanically, the creation of a new cell wall also leads to the local reinforcement of the tissue in a preferential direction. Altogether, this raises the question of the cues that help in controlling cell division plane orientation in plants.
At the end of the 19th century, Hofmeister (2), Sachs (3) , and Errera (4) proposed that cell division plane orientation in symmetric divisions only relies on cell geometry. In particular, Léo Errera originally observed that cells behave like soap bubbles when positioning their division plane; i.e., they tend to minimize the area of the new interface between the two daughter cells. From this statement was derived the now famous Errera's rule, "cells divide along the shortest path," which is a rough simplification of Errera's initial observation (for a full review, see ref. 5 ). Errera's rule was able to recapitulate the development of a simple organism like Coleochaete orbicularis, albeit with some level of noise (6) . These geometric rules were also tested in the Arabidopsis shoot apical meristem (SAM), a dome-shaped group of dividing cells that generates every aerial organ. Although Errera's rule described the highest percentage of divisions, neither Hofmeister's, nor Errera's, nor Sachs' rules fully described all of the divisions at the SAM (7) .
Recently, Errera's original statement was elegantly reexamined through an analogy with soap bubbles: Cells do not always divide along the shortest path, but instead divide along one of the shortest paths (5) . Indeed, for a given cell geometry, several minima of path length exist and the probability to divide along one of these minima is related to the area of the interface between the two daughter cells. Based on these observations, the deterministic "shortest path" rule was generalized to a probabilistic one, referred to here as the Besson-Dumais rule (8) .
The proposed molecular mechanism behind the BessonDumais rule involves the perception of geometry-derived cues and their integration via the organization of cytoplasmic microtubules (8) . Interestingly, ablation experiments and analog models suggest that cytoplasmic strands, populated with microtubules, are under tension (9, 10) . These strands would guide the relocation of the nucleus at the cell center of mass before division and coalesce into the phragmosome at the future division site. Tension could reinforce selection of the shortest path (8) . Consistently, the application of mechanical perturbations to plant tissues or cells can affect the next division plane orientation, although with sometimes contradictory results (11) (12) (13) .
There is also indirect evidence that tension may play a role in division plane orientation: Before cell division, cortical microtubules reorganize in a ring called the preprophase band (PPB), which determines the position of the new cell wall (14) . There is now accumulating evidence that cortical microtubules align along maximal tensile stress in cell walls, whether stress is subcellular or supracellular (15, 16) . Therefore, cortical microtubules may serve as intermediates between tension patterns in cell walls and cell division plane orientation. In the most general scenario, such tensile stress may be prescribed not only by cell geometry but
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The control of cell division plane orientation is crucial in biology and most particularly in plants, in which cells cannot rearrange their positions, as they are glued to each other by their cell walls. Cell geometry has long been proposed to determine cell division plane orientation. Here, using statistical analysis, modeling, and live imaging in the Arabidopsis shoot apex, we show that plant cells instead divide along maximal tension.
also by the behavior of adjacent cells. Altogether, this suggests that, rather than geometry sensu stricto, plant cells may sense tension to orient their division plane.
Because the Besson-Dumais rule has been tested only in tissues with rather local spherical shape or homogeneous growth, the relative roles of cell geometry and tension, and thus the contribution of adjacent cells, in division plane orientation remain to be shown. These roles are what we investigated here, using the whole shoot apex of Arabidopsis thaliana, which comprises not only the shoot apical meristem proper, but also the emerging primordia and the saddle-shaped boundary domain separating the meristem and the primordia. This larger tissue exhibits various levels of growth heterogeneity and curvature anisotropy, in which tension can be more or less anisotropic.
Results
Only Three of Four Cells Select the Shortest Division Plane in the Shoot Apex Epidermis. To test whether the Besson-Dumais rule can recapitulate all cell division plane orientations at the shoot apex, we computed the predictions of the Besson-Dumais rule for the divided cells on the epidermis of the shoot apex of A. thaliana. We first acquired confocal images of LTi6B-GFP (WS-4) dissected meristems every 12 h during 48 h (Fig. 1A) . On each snapshot, the surface of the shoot apex was reconstructed and segmented with MorphoGraphX (17) to extract cell shapes (Materials and Methods and Fig. 1 B-D) . Segmented mesh was cellularized with a minimal wall length of 1 μm to compute daughter cell areas and aspect ratios, and with a minimal wall length of 3 μm to extract cell contour as an input for the Besson-Dumais script (Materials and Methods and Fig. S1 ). New cell walls were identified by a visual comparison between snapshots (from T = 12 h to T = 48 h). We hypothesized that cell shape did not change much immediately after division and thus that the recorded cell wall position between the two daughter cells corresponded to the former PPB position in the mother cell.
Several conditions apply to the Besson-Dumais rule. First, it was implemented only for cell divisions recorded in a 2D plane. Because the shoot apex epidermis has an almost constant thickness of around 5 μm and new cell walls in this layer are perpendicular to the surface, i.e., anticlinal ( Fig. S2A and figure S1 in ref. 18 ), we could restrict our analysis to the surface of the shoot apex. Although the curvature of the shoot apex surface can vary greatly (Fig. 1C and Fig. S2A ), the surface of a pair of daughter cells is small enough to be locally flattened in 2D without too much cell shape deformation (Materials and Methods and Fig. S2 B-D) . Second, the Besson-Dumais rule applies only to symmetrically dividing cells. Comparison of the areas of the two daughter cells computed on the surface showed that 81% of the cells of the shoot apex divided almost equally, i.e., the smallest daughter cell occupying between 40% and 50% of the sum of the two daughters areas (Fig. S2E ). The remaining 22% of asymmetrically dividing cells were located preferentially in the meristem region (Fig. S2F , and Fig. 2A for the definition of the shoot apex regions). In the following, these asymmetrically dividing cells were removed from the analysis. We finally computed predictions of the Besson-Dumais rule, using the corresponding script (Materials and Methods). First, for each cell, the Besson-Dumais script seeks the shortest plane between each pair of edges that divides the mother's area (i.e., in our dataset, the area of the fused daughter cells) equally. Note that in a few cases, the Besson-Dumais script could not find any solution satisfying the condition on area for a given pair of edges. All possible planes were ranked from the shortest to the longest. The probability P i to divide along a given plane i depends on the length of the plane (8) and takes the form:
where ℓ i is the length of plane i, ρ is the mean cell diameter, β is a constant, and N is the total number of theoretical possible planes for this cell. Second, the Besson-Dumais script compares theoretical predictions to observations and provides the rank of the observed plane and its probability P i to be chosen among all of the possibilities ( Fig. 1F and Figs. S1 and S3). More precisely, the Besson-Dumais script compares each pair of edges connected to a predicted cell wall to the pair of edges connected to the observed cell wall. In 5-14% of the cases (depending on the shoot apex), the Besson-Dumais script did not find a match between theoretical predictions and observations. These observed planes are referred to as "not predicted" (NP) planes (by Besson-Dumais script), whereas others are referred to as "predicted." As cells in the shoot apex display different geometries and as the number of possible planes may vary from one cell to another, ranks are not sufficient to compare cells with one another. As shown in Fig. S3 , the shortest plane (rank = 1) in an elongated cell (Fig. S3A ) has a higher probability P 1 to be observed than the shortest plane (rank = 1, also) of a roundish cell (Fig. S3C ). To suppress this shape effect, we added a normalization step: We compared all predicted planes of a given cell with the shortest predicted plane of that cell. To do so, we computed the pairwise probability p pw between the shortest predicted plane of length ℓ 1 (e.g., Errera's predicted plane) and the observed plane of length ℓ obs , with ℓ 1 ≤ ℓ obs , as the ratio between the probability P obs of the observed plane and the sum of the probabilities P obs and P 1 (probability to observe the shortest plane):
Pairwise probability p pw varies between 0 (long plane) and 0.5 (short plane). When the observed plane is the shortest one (as, for instance, in Fig. S3A ), pairwise probability is strictly equal to 0.5. We defined five classes of pairwise probability, =0.5, ½0.375; 0.5½, ½0.250; 0.375½, ½0.125; 0.250½, ½0; 0.125½, and added a sixth class when no match between theoretical predictions and observations could be found. These classes are later referred as plane classes. The first plane class corresponds to the choice of the shortest plane by the cell. Plane classes are not strictly equivalent to ranks, but they are independent of cell shape (Fig. S4) .
Based on these analyses, we could observe that, between the different shoot apices, proportions of plane classes were similar but not identical (Fig. 1G) . We found that, depending on the shoot apex, 65-77% of all planes (corresponding to 68-81% of predicted planes) corresponded to the shortest plane.
The Boundary Region Is Enriched in Long Planes. At the shoot apex, meristematic cell shapes are rather isodiametric (Fig. S5A) , when compared to cell shapes in hypocotyls or roots. Thus, the length difference between the shortest and the second shortest plane is small and probabilities P 1 and P 2 are close. In theory, this could be sufficient to explain the relatively high proportion of cells avoiding the shortest plane at the shoot apex. To get the likelihood to obtain the proportions of plane classes we observed at the shoot apex, when cells follow the Besson-Dumais rule, we used a bootstrap approach. We sampled 1,000 sets of planes from the predictions of the Besson-Dumais script for dividing cells at the shoot apex and computed the corresponding plane class proportions. To obtain a given set of planes, for each dividing cell at the shoot apex that had chosen a plane predicted by the Besson-Dumais script, we sampled a new plane among the theoretical predictions given by the Besson-Dumais script. The probability to sample this plane i was equal to the probability P i described above. We then computed the pairwise probability p pw between the shortest predicted plane of length ℓ 1 and the sampled plane s of length ℓ s , with ℓ 1 ≤ ℓ s . We obtained a first set of simulated pairwise probabilities and computed the proportions of each of the plane classes defined previously. We repeated this procedure 1,000 times to generate 1,000 sets of planes and the corresponding proportions for each plane class. We then plotted the boxplots of proportions for each plane class and added our observed proportions on the same graph (Fig. 1H ). The boxplot (with its notches) represents a confidence interval at 95%. For a given plane class, if the observed proportion (red circles in Fig.  1H ) is out of the boxplot, this means that the probability to get this proportion of planes, under the hypothesis that cells at the shoot apex follow the Besson-Dumais rule, is lower than 5%. Our analysis revealed that the probabilities to get the observed proportions of plane classes 1-4 are above 5%, whereas the probability to get the observed proportion of class 5 is below 5%. This result indicates that long planes are overrepresented and that the Besson-Dumais rule only partially accounts for observed planes at the shoot apex of A. thaliana.
Mapping of the divided cells colored in function of plane classes on the shoot apices indicated a nonrandom spatial distribution of plane classes (Fig. 1I ). We thus spatialized the results of the bootstrap analysis to evaluate whether proportions of plane classes could be correlated to regional cues at the shoot apex. Three regions were defined manually: the meristem, including both the central zone and the peripheral zone (see, for instance, ref. 19 for a definition of these two zones); the outgrowing primordia; and the boundary, between the primordia and the meristem ( Fig. 2A) . The localization of each cell was determined based on the time point preceding cell division. In primordia, proportions of plane classes were found to be within the confidence interval, showing a good agreement between Besson-Dumais rule predictions and observed planes (Fig. 2B) . In contrast, in the boundary, the probability to get the observed proportion of planes of classes 1, 4, and 5 was lower than 5% (Fig. 2B) . In that region, the proportion of planes of class 1 was lower than predicted by our bootstrap approach and, conversely, the proportion of planes of classes 4 and 5 was higher. Finally, in the meristem, the proportion of long planes was slightly higher than expected. Note that this could be due to our restrictive definition of the boundary region. Therefore, although the Besson-Dumais rule correctly predicted the observed distribution of plane orientations in the meristem and primordia regions, it failed to predict the observed distribution of plane orientations in the boundary region.
A Mechanical Division Rule Provides Better Predictions for Division
Plane Orientation at the Boundary. The boundary region can be distinguished from the primordia and the meristem regions by genetic factors, such as the expression of specific transcription factors (20, 21) ; by chemical factors, such as hormonal levels (e.g., refs. 22 and 23); or by geometrical factors, such as shape and growth. Meristem and primordia have a locally spherical shape and rather homogeneous growth, compared with the boundary, which exhibits a saddle shape and is characterized by a lower growth rate, compared with the surrounding tissues (24). The Besson-Dumais rule was validated on a wide variety of tissues coming from different species but with locally spherical shape (including flat organisms like Coleochaete, the corresponding sphere having a radius of infinite length) or homogeneous growth. Here we confirm that the Besson-Dumais rule applies to tissues with such properties, but we also find that it does not correctly predict the distribution of cell division plane orientation in tissues with anisotropic shape or differential growth, like the boundary domain at the shoot apex of A. thaliana.
Tissue shape may prescribe mechanical stress patterns. Under the hypothesis that the shoot apex behaves like a pressure vessel, with the epidermis acting as the main load-bearing layer, shape can affect stress patterns (25) . The dome shape of the meristem and primordia prescribes isotropic stress patterns, whereas the saddle shape of the boundary region prescribes highly anisotropic tensile stresses along the crease axis (15) (see Fig. 6 ). Interphase cortical microtubules were shown to align with such tension at the boundary (15) . An additional source of mechanical stress in this domain comes from differential growth, the boundary growing slower than the primordium. As differential growth and shape evolve concomitantly during boundary formation, separating the contribution of these two factors is complex. Simulations offer the possibility to simplify the system and test integrative hypotheses.
To compute the mechanics and the geometry of the tissue at the cellular scale, we used a vertex model. Our virtual tissue is a 2D lattice of growing and dividing cells. Roughly speaking, cells behave like rubber balloons, with a certain wall elasticity, under (turgor) pressure. They are packed together and thus cannot reach their rest shape. The discrepancy between the rest shape and the observed shape is a source of mechanical stress. Additional mechanical stress arises from supracellular patterns of differential growth (growth-derived stress) and/or from a supracellular tensile stress pattern imposed to the tissue, mimicking the stress prescribed by the curvature of the tissue (curvaturederived stress). Growth (e.g., displacement of vertices) is computed by minimizing the energy of the tissue, which is a balance between the elasticity of the cell walls resisting the tension imposed by the supracellular stress field and the pressure. Overall in the model, the stress in a given cell is a combination of the large-scale tissular stress and the small-scale stress driven by differences in growth rate. Cells divide when reaching a certain size threshold. In all of the simulations, the new division plane goes through the barycenter of the cell. Two division rules were tested: Either the new division plane follows the direction of the short axis of the cell (the geometrical division rule) or it follows the direction of local maximal tensile stress (the mechanical division rule). Combining the two rules and the two sources of supracellular stress, four cases of study were defined: growing tissue following either a geometrical or a mechanical division rule, undergoing either growth-derived or curvature-derived stress. To mimic the boundary region, the mechanical stress field is anisotropic. For growth-derived stress simulations, a ring of slowgrowing cells surrounds a disk of fast-growing cells. To match actual measurements of growth at the Arabidopsis shoot apex, growth is three times higher in the central disk than in the surrounding ring. For curvature-derived stress simulations, tensile stress is three times higher along the x axis than along the y axis.
We applied the Besson-Dumais script to the output of simulated tissues to compute predictions of the Besson-Dumais rule and compare with observed division planes. As done for real tissues, we computed pairwise probabilities between the observed plane and the shorter predicted plane and subdivided this variable into the six classes defined previously (Fig. 3) . Simulations produced a few highly elongated cells (Fig. S5B) . As most of the aspect ratios of observed dividing cells at the shoot apex were above 0.5 (Fig. S5A) , simulated dividing cells with an aspect ratio below 0.5 were discarded from the analysis (see below for a discussion on cell aspect ratio in the simulations). Tissues simulated with the geometrical rule, both in growth-and in curvature-derived stress fields, displayed a majority of short planes, as expected (Fig. 3) . The implemented geometrical division rule mimics Errera's simplified shortest-path rule, but does not follow exactly the same conditions: division planes orient along the short axis of the cell, with a straight cell wall going through the barycenter of the cell, but without conditions on the equality of the daughter's area. This difference may explain the existence of planes in classes 2-5. Tissues simulated with the mechanical division rule displayed a higher proportion of long planes than tissues simulated with the geometrical rule and a higher proportion of NP planes (Fig. 3) . Such a trend qualitatively matches what we observe in the boundary domain of the shoot apex (Fig. S6) .
To test whether predictions from the mechanical division rule in simulations matched observed distributions in real meristems, we also applied the bootstrap approach described previously on tissues simulated with the mechanical division rule. In curvaturederived anisotropic stress fields, we observed a depletion in planes of class 1 and an enrichment in planes of class 5, with a probability lower than 5% to get these two proportions (Fig. 3) , similar to what was observed in the boundary region of the shoot apex (Fig. 2B) . In growth-derived anisotropic stress fields, we could observe the same bias toward classes 1 and 5 when isolating slow-from fast-growing cells (Fig. 3) . Note that in these last simulations, this bias could also partially originate from a boundary effect of the simulations, as slow-growing cells were located at the periphery of the tissue.
To further test the predictive power of the mechanical division rule, we analyzed another output of the simulations: the cell aspect ratio, i.e., the ratio of short over long cell axis. The geometrical division rule produced cells with a rather isodiametric shape, whereas the mechanical division rule produced more elongated shapes (Fig. S5B) . In that case, elongated cells were mostly located along maximal tensile stress in anisotropic curvature simulations and at the interface between the fast-and slow-growing tissues in the differential growth simulations. We then compared these quantifications to observations at the shoot apex. We measured a mean cell aspect ratio of 0.74 for the entire shoot apex. Boundary cells displayed a more anisotropic cell shape on average, with a mean aspect ratio of 0.58 (Fig. S5A) . Thus, the mechanical division rule not only better predicts the distribution of plane classes in the boundary, but also produces tissues with a cell aspect ratio closer to that observed in boundary cells, where the stress field is anisotropic.
Mechanical Perturbations Impact Division Plane Orientation. If mechanical stress acts as a directional cue for division plane orientation, inducing an anisotropic mechanical stress pattern in an isotropic domain, like the meristem center, should also affect the cell division plane orientation. This is what we tested here.
Finite-element method (FEM) based simulations of a meristem epidermis under tension predict that an ablation induces circumferential maximal tensile stress directions in the cells adjacent to the ablated zone (15) . First, we ensured that our vertex model also predicted such circumferential stress. On different simulated tissues undergoing homogeneous growth and isotropic external stress, a cell was removed from the template and the mechanical stress pattern before and after the ablation was analyzed ( Fig. 4 A and B) . As in FEM simulations, the mechanical stress pattern, which was random before ablation, became locally circumferential after the ablation (Fig. 4B) .
We next performed single-cell ablations on real meristems with a pulsed UV laser (Fig. 4C) and computed the orientation of division planes in the neighboring cells 48 h after ablation (Fig. 4 A, D , and E). In the divided cells surrounding the ablation site, the new walls were oriented circumferentially around the wound, following the tensile stress pattern predicted by our simulations and FEM-based simulations (Fig. 4F and Fig. S7A ). This experimental result thus supports an instructive role of tensile stress in division plane orientation at the shoot apex of A. thaliana. To further test this conclusion, we also performed double laser ablation on meristems, reasoning that this would prescribe a highly directional stress pattern in the cell surrounded by both ablations, as previously shown (15) . To do so, we used the clv3-2 GFP-MBD background to have a larger central zone with isotropic stress before ablation. Not only did the cell divisions follow the stress pattern after ablation, but also a new cell wall could form at 90°from the former PPB (Fig.  S7 B-E) .
The meristem boundary exhibits strong anisotropic tensile stresses because of both differential growth and tissue curvature. One may thus question the generality of the mechanical rule, as this meristem region experiences such strong and directional stresses. To check this, we next designed a protocol in which the meristem is artificially flattened (Fig. S8A and Materials and Methods). We grew in vitro plants on 1-N-Naphthylphthalamic acid (NPA) to obtain a naked inflorescence, took the plants off NPA, and let the stem grow against a coverslip. In these conditions, organ initiation was triggered, albeit without any folding at the boundary; maximal tensile stress is thus prescribed only by differential growth between the organ and the meristem. As expected, cell division planes of many boundary cells followed the longest path, also parallel to maximal tension, matching the mechanical rule and opposing the geometrical rule (Fig. S8) .
Conversely, if the mechanical rule is true, anisotropic tissue shape, in the absence of differential growth, may be sufficient to prescribe cell division plane orientation. To test this, we next observed the cell division plane in the inflorescence stems of young NPA-grown plants. As shown in previous studies, only the apical part of the inflorescence stem grows rapidly, as illustrated when using the microtubule depolymerizing drug oryzalin: The impact on growth is instead limited to the upper part of the stem (Fig. S9 A and B) (15, 26) . This means that tensile stress in the bottom part of the stem is mainly prescribed by tissue shape and that these cells instead grow slowly. Because stems are roughly cylindrical, and assuming that the epidermis is under tension in that tissue, maximal tensile stress should be two times higher in the circumferential direction than in the axial direction (Fig.  S9A) . Consistently, we observed that most cell divisions in that region followed a circumferential direction, as predicted by the mechanical rule and not matching the Besson-Dumais rule (Fig.  S9 C-E) . Incidentally, these results confirm that the mechanical rule also applies to other tissues, beyond the shoot apex. So far, we showed that a mechanical division rule better predicts division plane orientation than a geometrical division rule in the boundary domain where tensile stress is highly anisotropic. This, however, does not exclude the possibility that two rules may coexist in the shoot apex, a geometrical rule for isotropic domains and a mechanical rule for anisotropic domains.
Because the mechanical rule relies on the presence of tension in cell walls, it may in principle also be applied to tissues with locally spherical shape and homogeneous growth. In those conditions, tensile stress within the cell wall would be derived only from cell geometry. As tension in the cell wall arises from the presence of turgor pressure inside the cell, the pressure vessel analogy can also be applied, this time on an individual cell (16) . If a cell is elongated, then its top wall would be locally cylindrical, prescribing a circumferential stress pattern. This would promote the formation of transverse division planes in symmetrically dividing cells (see Fig. 6 ). In that situation, both mechanical and Besson-Dumais rules would provide similar predictions. The comparison between tensile stress maps and the cell short axis in our simulations supports this scenario (Fig. S10) .
To test whether growth affects this conclusion, we simulated tissue growing in an isotropic stress field (same stress in x and y directions). In this case the mechanical stress in a cell is a combination of the global isotropic stress and the local mechanical stress induced by differences in growth rates between neighboring cells. We applied the Besson-Dumais script on the output of simulated tissues, and we computed classes of pairwise probabilities, as defined previously. We then applied the bootstrap approach described above on tissues simulated with the mechanical division rule to see how far this rule was from Besson-Dumais rule predictions in isotropic cases. The output of isotropic simulations (Fig. 5) was very similar to the BessonDumais predictions, thus suggesting that the mechanical division rule provides an equally satisfying prediction for cells dividing in isotropically growing tissues.
To further confirm this result, we also analyzed cell aspect ratios. We found that both curvature-and growth-derived stress fields produced tissues with similar cell aspect ratio, whether the division rule is geometrical or mechanical (Fig. S5B) . Therefore, the mechanical division rule is also valid for tissues with isotropic curvature and/or homogeneous growth. Discussion Whereas Errera's rule and its generalization, the BessonDumais rule, correctly recapitulate cell division plane orientations in tissues with locally spherical shape and homogeneous growth, we showed here that they fail to account for cell division plane orientation when growth becomes heterogeneous and tissue curvature becomes anisotropic. In those situations, tissue stress is predicted to be anisotropic. Consequently, we propose instead that new cell walls orient along the local maximum of tensile stress in cell walls (Fig. 6) . Importantly, tensile stress direction can be derived at a supracellular scale, tissue shape and differential growth prescribing regional anisotropic stresses. However, when the tissue is locally spherical and growth is homogeneous, tissue stress would be isotropic, and the only bias in tensile stress direction would be prescribed by cell shapes. In our simulations of 2D growing tissues, this mechanical division rule faithfully accounted for division plane orientations in regions with anisotropic stress as well as in regions with isotropic stress. Experimental perturbation of mechanical stress pattern and analysis of cell division planes in inflorescence stems further supported the contribution of mechanical stress as a directional cue orienting the cell division plane.
Because tensile stress can be prescribed by cell geometry and tissue behavior, this work echoes the analysis of microtubule behavior, and its relation to tension, in pavement cells: When the tissue is locally flat, cell geometry prescribes tensile stress, and thus cortical microtubule orientation, notably in the neck region of pavement cells, where they are well aligned along predicted maximal tension. However, the presence of a local hill (often associated with a stomata) in the tissue prescribes a circumferential tissue stress pattern matching circumferential microtubule orientations, largely independent of cell geometry (16) . Incidentally, our definition of the mechanical rule is deterministic (maximum of tensile stress), even though it is now well established that plant cell division includes an element of stochasticity (5, 6) . Within the mechanical rule framework, stochasticity may still emerge from three factors: the time when the cell division plane orientation is assigned by stress [e.g., microtubule reorientation in response to stress may be fast or slow depending on the presence of regulators (18)]; the presence of other signals like auxin, which may oppose tensile stress prescriptions (e.g., ref. 27); and the threshold in intensity between stresses that are derived from cell geometry or tissue behavior (e.g., ref. 16) .
Whereas research in cell biology is still largely based on singlecell approaches and focused on subcellular factors, there is an increasing interest in studying the contribution of adjacent cells to explain intracellular dynamics. For instance, the impact of the growth of adjacent cells on cell geometries was investigated in C. orbicularis (6) . Note that in this tissue, Errera's rule, with noise, can still explain cell division plane orientation. Similarly the contributions of tissue topology and packing constraints have also been involved in cell division plane orientation, as division plane orientation was shown to be biased by the position of the surrounding cells' long axis in both animal and plant epithelia (28) . However, these models invoke only the passive mechanical deformation of cells and thus support a cell geometry sensing mechanism. Our results confirm that differential growth or stress anisotropy can impact the cell geometry, and in particular the cell aspect ratio, as cells are more elongated when tissues grow in an anisotropic stress field. However, the geometrical rule is not sufficient to explain the overrepresentation of cell divisions along the longitudinal axis of the cell in the boundary region of the shoot apical meristem. Thus, the mechanical division rule we propose must involve an active perception of mechanical stress. As a consequence, if growth-or shape-derived stress becomes stronger or more directional than cell geometry-derived stress, the new cell division plane will be built to resist maximal tension, irrespective of cell geometry. To some extent, this rule brings together the cell and organismal theory of development by putting a multiscale cue forward. It also recalls Wolff's law (29, 30) , which states that bones reinforce their internal structure by remodeling trabeculae according to maximal stress directions: A plant cell builds a new cell wall in the direction of maximal tension to resist it.
The presence of hormone gradients may also be invoked to explain why cells in the boundary would divide along the longest plane. Interestingly, auxin signaling is required to generate longer planes in Arabidopsis embryos (27) . Auxin is largely depleted in the boundary domain of the SAM in a PIN1-dependent way (22, 31, 32) . However, cells divide along one of the longest planes in that domain. The situation in the SAM might be more complex, and a contribution of auxin gradients in division plane orientations cannot be formally excluded. It is in fact very likely that both processes act synergistically to provide such reproducible outputs.
The molecular mechanism behind tension perception before cell division is still unclear. Microtubules in cytoplasmic strands are under tension (9) and interphasic cortical microtubules align with maximal tension (15) . The physical interaction between cortical microtubules and cytoplasmic microtubules can be inferred from the close vicinity of the two networks, but has not been formally studied experimentally. In root cells of the male fern Dryopteris filix-mas where the nucleus is close to the plasma membrane, electron microscopy images suggest that cytoplasmic microtubules connected to the nucleus could bend when reaching the cortex and be intermingled with PPB microtubules (33) . Based on these observations, but without further experimental proof, microtubules populating cytoplasmic strands were also proposed to bend and interact with PPB microtubules (34) . Light-transmitted microscopic observations of vacuolated cells also attested to the close vicinity of the two microtubule networks at the cortex (9). The analysis of the molecular regulators of PPB formation will certainly offer some key insights into this process in the future (35, 36) . Note that PPB formation is not omnipresent in plants, as microspores and endosperm in angiosperms, obliquely dividing cells in Physcomitrella, and Arabidopsis cells in culture do not form PPBs. This may suggest that one of the functions of the PPB is to coordinate cell division with supracellular cues, including tissue stress.
The molecular regulators of phragmoplast positioning may also be involved. In particular, myosin VIII was recently shown to associate with the edge of phragmoplast microtubules and, together with actin, to guide phragmoplast expansion to the cortical division site (37) . Actin and myosin have also been recently involved in posture control, a process that heavily relies on the perception of mechanical cues (38) , and actin also reorients circumferentially around ablations, like microtubules (39) . Interestingly, spindle orientation in animal cells also depends on actin and tension (e.g., ref. 40) , thus suggesting that some aspects of the molecular regulation of cell division by stress may be conserved across kingdoms too. Imaging. Stacks of 1,024 × 1,024 pixels of three dissected meristems, with Z slices every 0.5 μm, were acquired every 12 h during 48 h on a Zeiss LSM 700 upright confocal microscope, with a 40× water-dipping lens. Stacks from the kinetics were processed with a C++ script, using the Level Set method (45) to detect the surface of the meristem at high resolution. Meshes of these surfaces were then created with MorphoGraphX (17, 46) . Surface geometry of the processed stack was extracted with a marching cube algorithm. The initial mesh had a 5-μm resolution. The mesh was smoothed and subdivided until its resolution went below membrane signal thickness (around 0.5 μm).
Fluorescence signal (0-3 μm below the surface) was projected onto this mesh. Semiautomatic segmentation was performed using the watershed method, allowing delineation of cells. The mesh was cellularized with a minimal wall length of either 1 μm or 3 μm.
For each cell, lineage and localization (referred as "primordia," "boundary," and "meristem," e.g., central zone plus peripheral zone) were recorded manually for each 12-h snapshot. A boundary is defined as a curved region between an outgrowing primordium and the meristem. Because our definition of the boundary is rather strict, very young boundaries and primordia belong to the meristem region. Maps of area and curvature (with a radius of 20 μm) for each snapshot and growth rates and growth directions between each pair of contiguous snapshots were computed with MorphoGraphX. Each snapshot was exported as a .vtk text file, recording vertices coordinates and associations of vertices to cells. Lineage, localization of cells, growth, curvature, and area raw data were saved as separate text files. .vtk and other MorphoGraphX output text files were processed with R (47) to extract various cell indicators (orientation and length of long and short axis, area, growth rate, local direction, and intensity of curvature). For each of the snapshots between T = 12 h and T = 48 h, fused daughter cells that came from a division between previous and current snapshots were projected in 2D, using a principal component analysis on vertices. Principal component analyses were performed with the R package FactoMineR (48) . Vertices were more spread in x and y, meaning that the third dimension always corresponded to z. The third dimension explained only a few percent of dispersion of vertices (between 0% and 2.5%, with a mean at 0.15% for all cells at the shoot apex and a slightly higher mean and variance when considering cells located in the boundary regions only, Fig. S2D ), indicating that local flattening did not deform too much the mother cell shape. The first two Fig. 6 . Tensile stress prescribes cell division plane orientation in symmetrically dividing cells. (Upper) When growth is locally homogeneous and shape locally spherical, the tensile stress pattern in cell walls can be derived from cell geometry only, assuming that plant cells behave like pressure vessels. In that case, maximal tension will be circumferential in elongated, cylindrical cells, leading to transverse division plane orientation, as in Errera's rule. (Lower) When growth becomes heterogeneous and/or tissue shape is anisotropic, tensile stress in cell walls may be biased by tissue stress. For instance, in the meristem boundary, tissue curvature and differential growth prescribe highly anisotropic tensile stresses and cells divide along the axis of the boundary, relatively independent of cell shape. Ablations. UV laser ablations were performed on an inverted Leica DMI4000 microscope, equipped with a confocal spinning disk head (Yokogawa CSU22), with a 20× dry lens. Imaging postablation was performed on a Zeiss LSM 700 upright confocal microscope, with a 40× water-dipping lens. Stacks were processed with MerryProj (50) to obtain a top-view 2D projection of the meristems. Localization from the ablation or the control site (i.e., "rank") was determined as follows: The center of the meristem was determined by approximating its shape to a circle touching the primordia, and concentric adjacent cell circles were drawn around this central point. New cell walls in neighbors adjacent to the ablation and adjacent to these neighbors were identified manually, using the layers and paths tool of the GNU Image Manipulation Program (51) . Angles between the new plane and the radius of the ablation zone were measured with the Fiji angle tool (52).
Meristem Flattening. Naked inflorescences were obtained by growing young seedlings in vitro on NPA as previously described in ref. 15 . When stems were long enough, the whole plantlet was placed in a box in which the stem was held with two blades (15) . An adhesive silicone (MED-1356; NuSil Silicone Technology) was then applied onto a coverslip and rinsed once in water. The coverslip was then applied on top of the apex. Stem growth pushed the apex against the coverslip, flattening the apex for a period of 12-36 h. The apex was imaged as described above.
Inflorescence Stem Imaging and Oryzalin Treatment. Naked inflorescences were obtained by growing young seedlings in vitro on NPA as previously described in ref. 15 . Stems were then embedded in 0.5% agarose between a slide and a coverslip to allow side-view imaging, using the protocol described above. For oryzalin treatment, agarose was removed and the whole plants were then immersed in a solution of 20 μg·L −1 oryzalin for 3 h, as described in ref. 15 . Five days later, stems were embedded again in agarose and imaged.
Model. We modeled two possible mechanisms driving the positioning of the new wall during a cell division: The new wall can be positioned either to minimize its length or in the direction of highest tension. Then we compared the development of tissues following one or the other mechanism.
We used a vertex model that allows us to compute the mechanics and the geometry of the tissue at the same scale. The model is 2D but 3D information can be incorporated as an external stress.
Mechanics. The cells form a flat polygonal tilling, each polygon being a cell. The mechanics of a single cell C are driven by its anisotropic deformation M C − M ð0Þ C , where M C is the actual shape of the cell and M ð0Þ C its equilibrium state. The shape tensor is computed as the covariance matrix
where ðx i , y i Þ are the coordinates of the cell's vertices, ðx C , y C Þ is the barycenter of the vertices, and N C is the number of vertices. Thus, we are able to measure the anisotropy of the cells. The position of the vertices is given by the minimization of the mechanical energy of the tissue. Taking into account the elasticity and the turgor pressure, we can define the energy of a single cell as
with p the pressure and α the shear modulus of the periclinal wall. The stress tensor of the periclinal wall is then given by the functional derivative of its energy density with respect to its strain:
In a folded boundary, stress is predicted to be anisotropic. Therefore, to take into account the curvature of a real tissue, an external stress is introduced into the energy of the whole tissue,
where A T is the area of the tissue, M T is its shape, M 0 T is its reference shape, and S T is the external stress. The reference shape of the tissue is computed by minimizing the energy without the external term.
As new divisions in the epidermis of the shoot apical meristem are anticlinal (see Fig. S2A ), we hypothesized that mechanical stress within periclinal cell walls controls the orientation of new anticlinal cell walls. Thus, we simulated only mechanics of periclinal cell walls.
Tissue Growth. Because of the turgor pressure and the cellular interactions, the cells' shapes are different from their targets when the mechanical energy is minimal. To model the growth as the evolution of the equilibrium state of the cell, the target matrix evolves proportionally to its difference from the actual shape,
where a C is the remodeling rate of the cell. We used an incremental approach to growth: After minimizing the mechanical energy, the targets evolve according to the differential equation system.
Cell Division. During cell growth, if the area of a cell is greater than the division threshold, the cell is divided according to one of the two following rules.
For the geometrical hypothesis, we mimicked the simplified shortest path version of Errera's rule (4) by choosing the division directionñ as the one that minimizes the shape of the cell:
For the mechanical hypothesis, the division directionñ is the one that maximizes the stress:ñ , ñ t S Cñ = max nũ t S Cũ o ũ =1 .
The cell is divided by a straight line going through its center, which is defined as the barycenter of its vertices.
where C and C′ stand for the neighboring cell before and after the division.
Implementation. The model was implemented in a C program. The energy was minimized using the BFGS algorithm (53) , implemented in the NLopt library (54). The differential equation system was solved using the GNU Scientific Library (55) . Outputs were analyzed with Scilab (56) . Simulation parameters were p = 0.01 for the turgor pressure, α = 2 for the shear modulus, S T,xx = 0.03 and S T,yy ∈ f0.01, 0.03g for the curvature-derived stress, and a C ∈ f0.3, 1g for the growth rate. Initially the energy was minimized every Δt = 10 −2 , but this time step was reduced proportionally to the number of cells to keep a constant temporal resolution on the divisions. Mechanical parameters were set to lead to a strain corresponding to a few percent, as is observed in real tissues. The external stress was estimated to vary between 1 and 10 times the pressure stress; thus we set the parameters so that the external stress contribution is 75% of the total stress. The tissues are initially 100 cells in volume and grow up to 200 cells. Noise in the initial conditions and in the growth rates allows us to perform each kind of simulation several times. The noise in the initial conditions is a random displacement of each vertex whose maximal amplitude is as large as possible without any vertex crossing a cell wall. The noise in the growth rates was a white noise of amplitude 10% that was reset at each time step.
